ABSTRACT Femoral head necrosis (FHN) is a common disorder in fast-growing broilers in the poultry industry, but the pathogenesis of FHN has not been clarified completely. In the present study, glucocorticoid (GC) administration was used to induce FHN in broilers. Compared with normal birds, histopathology showed that the length of the articular cartilage of GC-induced FHN broilers was thicker while the proliferative zone and prehypertrophic zone were obviously thinner. Moreover, hematoxylin and eosin (HE) staining showed the apoptotic chondrocyte in the growth plate of the femoral head in FHN-affected birds. Bone parameters also decreased significantly in GCinduced FHN broilers. In addition, as for the mRNA expression, GC-induced FHN broilers had an apparent reduction in Col-II, Col-X, and Bcl-2 but a significant promotion of Caspase-3, Caspase-9, ASK-1, and JNK-1 when compared with the normal birds. It showed glucocorticoid induced FHN in broilers by affecting the proliferation, differentiation, and apoptosis of chondrocytes accompanying the retarding of bone growth.
INTRODUCTION
In the past decades, the market-age weight of broilers has increased rapidly by improving feed efficiency and growth rate. As a result, the incidence of lameness and skeletal disorders also has risen in commercial broilers with heavier body weight. Femoral head necrosis (FHN) is one of the most common leg problems, which was reported first in 1926 (Mcnamee and Smyth, 2000) and causes severe health and welfare problems in broilers (Knowles, et al., 2008; Olkowski, et al., 2011; Dinev, 2012) . FHN is characterized by the epiphysis separation from the articular cartilage or osteomyelitis. Histopathology shows that chondrocyte apoptosis in the femoral head growth plate is significantly promoted in FHN chickens. This suggests that chondrocyte apoptosis could play an important role in the pathogenesis of FHN in chickens (Durairaj, et al., 2009; Dusanic, et al., 2012) . However, the role of chondrocyte apoptosis in the etiology of FHN in the modern broiler has not been understood fully.
Chondrocyte is one of the main cells of the growth plate and articular cartilage. Due to the lack of blood vessels and nerves in the cartilage, chondrocyte obtains oxygen and nutrition by osmosis and is very sensitive to the extracellular environment. In conditions of hypoxia, oxidative stress, lack of nutrition, among others, C 2017 Poultry Science Association Inc. Received September 28, 2016. Accepted December 3, 2016. 1 Corresponding author: zhouzl@njau.edu.cn the chondrocyte function may be influenced, and apoptosis of chondrocyte will be promoted (Takada, et al., 2013; Kung, et al., 2014; Uehara, et al., 2014) . Apoptosis, or programmed cell death, is strictly controlled by many signaling pathways (Thompson, 1995) . Our previous studies showed that Bcl-2 and caspase families took part in the process of chondrocyte apoptosis in FHNaffected broilers. Recent reports find that the apoptosis signal-regulating kinase (ASK-1) and the c-Jun N-terminal kinase (JNK) pathway regulate chondrocyte apoptosis by affecting the Bcl-2 family protein expressions (Bogoyevitch and Kobe, 2006; Kim and Choi, 2015) .
In the present study, glucocorticoids (GC) was used to induce FHN in broilers. Synthetic GC, such as prednisolone, dexamethasone, and methylprednisolone, has been used to investigate the pathogenesis of FHN in chickens although it was reported that the body weight of FHN-affected chickens after GC administration was lighter than the naturally occurring FHN birds (Cui, et al., 1997; Huff, et al., 1998; Huff, et al., 1999; Huff, et al., 2000; Jones and Allen, 2011; Durairaj, et al., 2012; Wideman and Pevzner, 2012; Packialakshmi, et al., 2015; Wideman, 2015) . The present study was designed to evaluate the roles of signal pathways in regulating the apoptosis of chicken chondrocytes with the presence of FHN in broilers after methylprednisolone treatment. Histopathological changes were observed and the expression of these antiapoptotic/proapoptotic genes were determined in the present work.
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MATERIALS AND METHODS
Animals Treatment and Samples Collection
One hundred newly hatched broiler breeder chicks (Gallus gallus, Ross strain) of both sexes were divided into experimental and control groups. Each group had 5 repeats of 10 birds that were housed in an environmentally controlled room. At 8 d of age, the experimental group of broiler chickens was daily injected with methylprednisolone (20 mg/kg of body weight) while the control group chickens were injected with isodose sterile saline for 7 days.
The broilers in the experimental group with macroscopic evidence of damage or laceration to the growth plate were chosen to evaluate. The skin and muscle of the groins of the birds were incised in order to remove the femoral head from the acetabulum. Both sides of the femur and tibia from every bird were harvested, stored in individual plastic bags, and maintained at −20
• C for bone radiographic density and biomechanics tests. The femoral heads were cut in half along the coronal plane and fixed overnight in 4% paraformaldehyde in PBS at 4
• C; the other half of the femoral heads were dealt with DEPC and placed immediately in liquid nitrogen until used for real-time fluorescent quantitative polymerase chain reaction (RT-PCR).
Bone Parameters
Extraneous muscles were removed and bone weight was determined. Bone index was calculated using the following formula: Bone index (g/kg) = bone mass (g)/body mass (kg) at slaughter (Zhou, et al., 2009) .
The detailed method of the measurement of bone radiographic density was per previous reports (Deng, et al., 2010) . In the present study, the tibia and femur were radiographed in anteroposterior views. Exposure was 2.5 mAs at 45 kV. The films were digitized and analyzed with NIH Image J Image program software, and the bone density was expressed in millimeters of aluminum equivalence (mmAl).
To determine bone-breaking strength, the method of 3-point flexural bending tests was carried out (Fleming, et al., 1998) . Bone samples were cradled on 2 support points. The crosshead approached the bone at 15 mm/min until the bone was broken. Following suitable calibration, the breaking strength (in N) was read as the peak of the curve produced by the connected plotter using the NEXYGEN PLUS software (Lloyd Instruments, UK).
Total RNA Extraction and Real-time Quantitative PCR
According to the manufacturer's protocol, the total RNA was extracted from the tissues of the growth plates of the femoral head by adding TRIzol Reagent (Invitrogen, Shanghai, China) (n = 4 chickens/group). After extraction with chloroform, isopropanol was added to make the RNA precipitate. After washing with 75% ethanol, the RNA was eluted in ribonuclease-free water. The OD 260/280 value should be 1.8 to 2.0 under any circumstances to assure the purity of total RNA. All samples were stored at −70 • C. Complementary DNA (cDNA) was synthesized using the PrimeScript TM RT Reagent Kit (Perfect Real Time) reverse transcriptase (Takara Biotechnology Co., Ltd., Dalian, China) with total RNA (2 μg). The forward and reverse primer sequences were designed based on available sequences on the NCBI GenBank and are listed in Table 1 . GAPDH was chosen as an internal standard to control for normalization purposes. Quantitative PCR was performed using SYBR Green PCR technology with an ABI PRISM 7300 HT sequence detection system (Applied Biosystems Inc., Foster City, CA). Reactions were performed as follows: pre-incubation at 95
• C for 30 s, followed by 40 amplification cycles (95 • C for 5 s, 60
• C for 31 s), then desmolysis in one cycle (95
• C for 15 s, 60
• C for one min, 95
• C for 15 s). The threshold cycle (C T ) indicated the fractional cycle number at which the amount of amplified target reached a fixed threshold, so we can obtain the relative gene expression level by the 2
−ΔΔC
T method for fold induction. All PCR operations were performed in triplicate.
HE Staining
The fixed tissues were washed thoroughly by PBS and then decalcified in 10% EDTA at room temperature for 2 weeks. After dehydration, the fragments were embedded in paraffin and cut into 4-μm-thick sections. The sections were stained with hematoxylin and eosin (HE). Five high-quality sections were chosen for morphological analysis (n = 4 chickens/group). Figure 1 . HE staining for full-thickness of femur head and the specific width of articular cartilage, proliferative zone, and prehypertrophic zone. A: HE staining for full-thickness of femur head of normal broilers in control group. B: HE staining for full-thickness of femur head of GC-induced FHN broilers. AC, articular cartilage; P, proliferative zone; PH, prehypertrophic zone; H, hypertrophic zone. Bar = 100 μm. C: The articular cartilage of the normal birds was significantly thinner. The lengths of the proliferative and prehypertrophic zones in GC-induced FHN broilers were notably thinner compared with control broilers. The results represent the mean ± SEM. * * P < 0.01, * P < 0.05.
Statistical Analyses
Statistical analyses of bone parameters were conducted using PASW statistics 18 while the RT-PCR used was SPSS 18.0 for windows (SPSS Inc., Chicago, IL). The differences between groups were determined with one-way analysis of variance (ANOVA, Dunnet's T3). The data of bone parameters were expressed as mean ± SD and the data of RT-PCR were expressed as mean ± SEM. Differences were considered significant at P ≤ 0.05.
RESULTS
Bone Histomorphometry Analysis
In our study, we measured the tibia and femur parameters of broilers at the age of 42 days. The morphometry determination of the tibia and femur are shown in Table 2 . The tibial bone diameter, bone index, and bone density of the treatment group were decreased, but there were no statistical differences (P > 0.05). Meanwhile, the bone length and breaking strength were significantly lower than the control group (P < 0.01). The bone diameter and strength of the femur had no obvious differences (P > 0.05). Bone length and density were extremely decreased (P < 0.01), and the bone index was obviously lower (P < 0.05).
Morphological and Pathological Changes
The full-thickness morphology of the femoral head in broilers is shown in Figure 1 . The articular cartilage (AC) of FHN birds was thicker than that of normal birds, while the proliferative zone (P) was much thinner, as was the prehypertrophic zone (PH).
Observing the tissues at 100 × magnification with a microscope, we found that the articular cartilage was separated from the growth plate in affected broilers, and articular cartilage, proliferative zone, and prehypertrophic zone appeared to have pink transparent cracks (Figure 2 ) that were full of necrotic or calcified cells and accompanied by a large number of capsular clearances and degenerated vessels. Cracks were not observed in the cartilage and growth plates of normal birds. Mature chondrocytes were located in the prehypertrophic zone (Figure 3 ). Cell morphology of the control group was integrated (black arrows). The oval nucleuses were clearly visible and the nucleoli were on the side with dark staining (red arrows). Chondrocytes in the prehypertrophic zone of FHN chickens exhibited more empty lacunae (black arrows) than normal chickens. Some of the nucleoli were karyorrhexis (red arrows) and pyknosis (yellow arrows). The same symptoms occurred on the chondrocytes in the hypertrophic zone of FHN broilers (Figure 4) . The number of chondrocytes with empty lacunae in prehypertrophic zone and hypertrophic zone was counted ( Figure 5 ). In both zones, FHN birds showed a reliable increase compared with normal birds (P < 0.01).
mRNA expressions of relative genes are shown in Figure 6 . Along with the aggravation of FHN, there was a considerable decrease in Col-II, Col-X, and Bcl-2 mRNA expression (P < 0.01) but a significant increase in Caspase-3, Caspase-9, ASK-1, and JNK-1 mRNA expression (P < 0.01).
DISCUSSION
In the present study, methylprednisolone was used to induce FHN in chickens. We investigated the changes of leg bone characteristics by a series of physical examinations of the femur and tibia. The results showed that the bone quality reduced obviously after treatment with glucocorticoid, especially the femur. These findings suggest that bone characteristics would be changed in GCinduced FHN birds, accompanying a serious influence of bone growth.
The microstructure of the femoral head is divided into 4 layers, the articular cartilage (AC), proliferative zone (P), prehypertrophic zone (PH), and hypertrophic zone (H). Histopathology showed that the articular cartilage of FHN birds was thicker than that of normal birds, while the proliferative zone and prehypertrophic zone were obviously thinner. These observations suggest that GC-treatment had important roles in affecting the proliferation and differentiation of chondrocytes. In the GC-induced FHN birds, between the growth plate and cartilage, there appeared pink transparent cracks full of necrotic or calcified chondrocytes and degenerated vessels, which would cause femoral head separation (Duff and Randall, 1987; Prisby, et al., 2014; Li, et al., 2015) . Chondrocyte pyknosis and karyorrhexis in the growth plate suggested the chondrocyte apoptosis and the decrease of activity of chondrocytes. Type II and X collagen are the important components of extracellular matrix. Col-II is the marker of non-hypertrophic chondrocyte (Mendler, et al., 1989) . Col-X is secreted by hypertrophic chondrocyte (Gibson and Flint, 1985) . We observed that the mRNA expressions of Col-II and Col-X in GC-induced FHN birds were depressed.
In the present study, the expressions of antiapoptotic/proapoptotic genes were determined in GCtreated birds. The c-Jun N-terminal kinase (JNK) mediates cell apoptosis. Apoptosis signal-regulating kinase 1 (ASK-1), also known as MAP3K5, is located in the upstream of JNK and regulates the protein activity of JNK. The activation of JNK is phospho- Figure 6 . mRNA expression of chondrocyte apoptosis relative genes. Data were expressed as the mean ± SEM.
* P < 0.05 difference is significant versus the normal birds; * * P < 0.01 difference is extremely significant versus the normal birds.
rylated by its amino acid residues, and once activated, the apoptosis or autophagy is promoted (Takeda, et al., 2010) . Our results exhibited the considerable increase of ASK-1 and JNK-1 expression, which indicated that ASK-1 was activated in FHN broilers, inducing the transduction of apoptosis signaling. These finding revealed that the apoptosis signal transduction pathway mediated by ASK-JNK is involved in the process of GC-induced FHN. Caspases, the key molecules in the processes of cell apoptosis, are the family of cysteine proteases. Caspase-9 is activated by caspase-12, then activates Caspase-3 (Howley and Fearnhead, 2008) . Caspase-3 is the most important executioner caspase, which can cause typical morphological changes of apoptosis (Buckley, et al., 1999; Burguillos, et al., 2011) . Bcl-2 is a member of the Bcl2family, having the anti-apoptotic function (Benimetskaya, et al., 2001 ). In the growth plate of GC-induced FHN, the mRNA expression of Bcl-2 was decreased, while Caspase-3 and Caspase-9 were significantly increased. The data in this study proved that dysregulation of chondrocyte apoptosis led to pathological states of femoral head necrosis from GC administration in broilers.
CONCLUSIONS
In conclusion, GC-treatment affected the proliferation and differentiation of chondrocytes and bone growth in broilers. GC administration promoted apoptosis of chondrocytes and induced femoral head necrosis in broilers by regulating the expressions of apoptotic genes.
